Produced water (PW) constitutes a massive environmental issue due to its huge global production as well as its complexity and toxicity. Membrane technology could, however, convert this complex waste stream into an important source of water for reuse, but new and more efficient membranes are required. In particular, in the last few years, polyelectrolyte multilayers (PEMs) established themselves as a very powerful method to prepare hollow fiber-based nanofiltration (NF) membranes, and this membrane type and geometry would be ideal for PW treatment. Unfortunately, the presence of surfactants in PW can affect the stability of polyelectrolyte multilayers. In this work, we investigate the stability of polyelectrolyte multilayers toward different types of surfactant, initially on model surfaces. We find that chemically stable multilayers such as poly(diallyldimethylammonium chloride) (PDADMAC)/poly(sodium 4-styrenesulfonate) (PSS), based only on electrostatic interactions, are substantially desorbed by charged surfactants. For poly(allylamine hydrochloride) (PAH)/PSS multilayers, however, we demonstrate that chemical cross-linking by glutaraldehyde leads to surfactant stable layers. These stable PEM coatings can also be applied on hollow fiber support membranes to create hollow fiber NF membranes dedicated for PW treatment. Increased cross-linking time leads to more stable and more selective separation performance. These newly developed membranes were subsequently studied for the treatment of synthetic PW, consisting of freshly prepared oil-in-water emulsions stabilized by hexade-cyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) in the presence of a mixture of ions. For both types of produced water, the membranes show excellent oil removal (∼100%) and organics removal (TOC reduced up to ∼97%) as well as good divalent ion retentions (∼75% for Ca 2+ and up to ∼80% for SO 4 2− ). Moreover, we observe a high flux recovery for both emulsions (100% for CTAB and 80% for SDS) and especially for the CTAB emulsion a very low degree of fouling. These stable PEM-based hollow fiber membranes thus allow simultaneous deoiling and removal of small organic molecules, particles, and divalent ions in a single step process while also demonstrating excellent membrane cleanability.
INTRODUCTION
Water scarcity is a major global problem and is expected to only worsen because of world population growth and global warming. 1, 2 One of the essential steps to be taken is to find effective and efficient methods to allow wastewater reuse. 3 In oil producing areas such as the Middle East, Africa, and the United States, a lot of wastewater is produced during oil extraction, counting only in the United States 3.3 million m 3 in 2007. 4 This so-called produced water (PW) stems from water naturally contained in the well but also from additional water pumped into the reservoir to facilitate the extraction of oil. 5 Because this process generally results in three barrels of wastewater per barrel of oil extracted, 6 produced water treatment could be an important source of water for various beneficial reuses, for example irrigation.
Unfortunately, PW is a very challenging stream to treat: its composition varies widely from one location to another and typically includes dispersed oil, organic and inorganic contaminants, treatment chemicals from the oil production process (e.g., corrosion and scale inhibitors, surfactants, biocides, etc.), produced solids, bacteria, metals, and naturally occurring radioactive materials. 4, 7 Currently, PW is treated with a wide variety of physical, chemical, and biological techniques in which hydrocyclones, evaporation, and different types of filters are employed. 8, 9 In such large treatment processes, membrane technology is especially interesting as it is one of the few techniques that can successfully remove the smallest (<10 μm) and most stable oil droplets. 10 For this purpose, microfiltration (MF) and especially ultrafiltration (UF) have been shown to be very suitable techniques with UF also being well-suited to remove small suspended particles and even part of the dissolved hydrocarbons. 11 But, membrane technology can do much more. Reverse osmosis (RO) can be used to desalinate produced water and remove final traces of dispersed and dissolved oil. 12 Unfortunately, the low permeability and high pressure associated with RO translate into a larger footprint and amount of energy consumed. 13 Here, nanofiltration (NF) can be seen as a very interesting alternative. NF membranes can be used at acceptable permeability for deoiling while simultaneously removing multivalent ions, dissolved organics, and part of the monovalent salts. 14 Membrane technology also has clear downsides, and in PW treatment, membrane fouling can be considered the most serious problem. In the complex mixture that is produced water, many of its components can foul the membrane, leading to very substantial decreases in the flux of treated water. Fouling is especially a problem for RO and NF membranes that, due to their typical spiral wound configuration, can only deal with relatively clean feed streams. As a result, a very substantial pretreatment such as MF or UF is needed before RO and NF can be applied.
The need for a pretreatment step excludes the possibility of the proposed one step NF membrane operation to simultaneously deoil and control the salinity. If, instead, hollow fiber (HF) nanofiltration membranes could be employed, those problems can be overcome because of their ability to withstand much higher fouling loads. This is partly because HF membranes can be cleaned much better by physical cleaning than their spiral wound counterparts, 15 e.g. by allowing backwashing at higher pressures. 16 An equally important argument is that HF-based membrane modules do not require a spacer, while for spiral wound modules, spacer fouling is a much bigger problem than membrane fouling. 15 In the past decade, polyelectrolyte multilayers (PEMs) have really established themselves as a very powerful method to prepare hollow fiber-based NF membranes. Moreover, PEMs have significant advantages that might make them especially well-suited to design membranes for produced water treatment. First, NF membranes based on PEMs are highly versatile, as the separation layer properties such as inner molecular structure and charge can be controlled by the choice of the polyelectrolytes, the number of layers, the pH, and the ionic strength of the coating solution. 17, 18 Thus, it becomes possible to tune the separation performance of these membranes for a specific application or feed stream. A second advantage is the thin separation layer allowing membrane permeabilities to be relatively high compared to commercial NF membranes with comparable separation performance. 19, 20 Finally, polyelectrolyte multilayers coated on top of UF supports have been shown to be stable both against physical (e.g., backflushing) and chemical cleaning (hypochlorite (NaOCl)). 16 In contrast, conventional NF membranes based on polyamide thin film composites showed a significant drop in performance after prolonged exposure to hypochlorite. 21 It is highly likely that chemical cleaning is a necessity for the treatment of produced water by any membrane type.
However, polyelectrolyte multilayer-based membranes also have weaknesses. The main challenge for PEM-based membranes, especially regarding produced water treatment, is that the multilayer stability can be compromised by the presence of charged organic molecules in the feed stream. In particular, work carried out recently showed that surfactants (naturally present in PW but also added in extra quantities to inhibit pipe corrosion and increase oil recovery) can affect the stability of common PEMs. 22 As polyelectrolyte multilayers are prepared through electrostatic assembly, the major forces involved in keeping those layers together are electrostatic ones. Exposure to wastewater containing surfactant molecules, especially at high salinity, can allow the charged surfactant molecules to complex with the polyelectrolyte layers, thereby compromising the stability of the multilayer.
In recent years, some studies have focused on covalent layerby-layer films to achieve improved polyelectrolyte multilayer stability. Though exploitation of the chemistry of the chosen polyelectrolytes, it becomes possible to make stable multilayers by introducing chemical bonding via chemical cross-linking. 23 Cross-linking of multilayers has been studied before, especially to increase membrane selectivity 24 and sometimes also to increase chemical stability (hypochlorite) 25 as well as stability in extremely saline conditions. Unfortunately, all of this previous work has focused on flat sheet membranes rather than hollow fiber-based membranes, where techniques such as UV cross-linking 23, 24 and multilayer spray-assisted assembly 25 cannot be applied.
In this work, we report on the development of PEM-based hollow fiber NF membranes specifically for the challenging treatment of produced water. First, the focus is on the active layer stability, and we studied on model surfaces how two types of multilayer [poly(diallyldimethylammonium chloride) (PDADMAC)/poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH)/PSS] are affected by exposure to surfactants with a variety of properties (cationic, anionic, zwitterionic, and nonionic). We then studied how different cross-linking approaches, concentration, and time can lead to PAH/PSS-based PEM coatings stable in surfactant solutions. The effect of cross-linking time was subsequently studied for PEM-based hollow fiber NF membranes, where the retention of a variety of salts was studied before and after surfactant exposure. Finally, through filtration experiments carried out with synthetic produced water, we demonstrated that hollow fiber-based NF membranes are able to simultaneously remove oil droplets, surfactants, and divalent ions from the waste stream in a single separation step. (Figure 1 ). N-Hexadecane (Merck Schuchardt) was used as the oil, and Coumarin 6/Neeliglow Yellow 196 (Neelikon) was used as the fluorescent dye to allow accurate measurements of the oil concentration. All other chemicals were purchased from VWR (The Netherlands).
EXPERIMENTAL PROCEDURES
2.2. Polyelectrolyte Multilayer Coating on SiO 2 Model Surfaces. Silicon wafers were first cleaned with piranha solution made of a 3:1 mixture of concentrated sulfuric acid (H 2 SO 4 ) with hydrogen peroxide (H 2 O 2 ) to remove any organic residues. Then, the
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Article wafers were coated via a simple dipcoating procedure. In particular, PAH/PSS and PDADMAC/PSS multilayers were coated on top of silicon wafers with 84 and 121 nm SiO 2 top layers (δ SiO 2 ) respectively. These SiO 2 layers are required as an optical spacer in reflectometry (see Section 2.3). For a single bilayer coating, the negatively charged silica wafer was completely immersed in a 0.1 g·l −1 polycation solution with 50 mM NaCl. After 15 min, the surfaces were rinsed in a 50 mM NaCl solution for 15 min. To finally complete the bilayer coating, the surfaces were subsequently immersed in a 0.1 g·l −1 polyanion solution (pH 5.4) with 50 mM NaCl for 15 min and then rinsed in a 50 mM NaCl solution, again for 15 min. The same procedure was repeated four more times to realize 4.5 and 5.0 bilayers on top of the wafers. Every coating step was executed at room temperature. For crosslinked PAH/PSS multilayers, a cross-linking step was added to the procedure written above. In particular, after every PAH coating step, starting from the second bilayer, the wafers were rinsed in 50 mM NaCl and then completely immersed in aqueous solutions with various GA concentrations (2.5, 5, 7.5, 10, and 15 mM) for 15 min at room temperature, keeping the concentration of NaCl to 50 mM. After this step, the wafers were carefully rinsed in 50 mM NaCl for 15 min, and then the PSS layer was applied to complete the bilayer, following the procedure described before. Surfaces coated with 4.5 bilayers of PAH/PSS at different cross-linking times were realized first via dip coating, and then they were dipped in a 7.5 mM GA solution for different times: 1, 5, 15, 60, 180, and 300 min. In this last approach, membranes were thus cross-linked in a single step rather than after every PAH step, as was done in the first approach.
2.3. Reflectometry. The multilayer desorption from silicon wafers due to the interaction with surfactants was monitored by means of reflectometry. 26 Cationic (CTAB, 346 mg·l −1 ), anionic (SDS, 2391 mg·l −1 ), zwitterionic (DDAPS, 1006 mg·l −1 ), and nonionic (TX, 144 mg·l −1 ) surfactant solutions, approximately at their critical micelle concentration (CMC) and with 5 mM NaCl as background electrolyte, were prepared. These solutions were flushed under a stagnation point flow to a silica surface and precoated with a PEM (see procedure above) several times with a 5 mM NaCl rinsing step in between until a steady state desorption was reached. The use of a stagnation point flow cell allows for very well-controlled hydrodynamics during the multilayer desorption. Polarized monochromatic light (He−Ne laser, 632.8 nm) hits the wafer around the Brewster angle and is reflected toward the detector. The reflected light is split into its p-and s-polarized components. The ratio between these two components is defined as S (−), and the change in this ratio (ΔS) is directly proportional to the amount of mass desorbed from the wafer:
where Γ is the amount of mass adsorbed or desorbed from the wafer (mg·m −2 ), S 0 is the starting output signal of the bare silicon wafer (−), and Q is the sensitivity factor for the system (mg·m −2 ). To calculate the sensitivity factor, we used an optical model based on the following values: θ = 71°, n silica = 1.46, ns ilicon = (3.85, 0.02), n H 2 O = 1.33, dn/dc PDADMAC = 0.18 mL·g −1 , dn/dc PAH = 0.16 mL·g −1 , dn/dc PSS = 0.18 mL·g −1 , δ SiO 2 = 84 nm for PAH/PSS and 121 nm for PDADMAC/PSS. The sensitivity factor, Q, obtained to calculate the actual mass desorption for all experiments is 30 mg·m −2 for PAH/PSS and 40 mg·m −2 for PDADMAC/PSS. Furthermore, we defined the stability of the multilayer as given by
where Γ des is the quantity in mg·m −2 of PEM desorbed from the wafers and monitored via reflectometry, while m tot is the amount (mg· m −2 ) of PEM contained in the multilayer prior desorption, measured via reflectometry. 17 All experiments were performed at least twice. 2.4. Membrane Fabrication, Modification, and Characterization. Hollow fiber membranes were produced by a spinning process based on nonsolvent induced phase separation. For this, a dope was prepared by mixing 140 g of PES, 70 g of SPES, and 120 g of glycerin in 650 g of NMP. The clear dope was then filtered through a 5 μm metallic mesh and deaerated overnight. The hollow fiber membranes were spun by extruding the dope solution through a hollow fiber spinneret at 70°C (see Figure 2 ). A mixture of 10% glycerin in water was used as the bore liquid. After an airgap of 0.3 m, the partly already solidified membrane was immersed in the coagulation bath containing the water at 60°C. Here, the phase inversion is completed. After the coagulation bath, the fiber was fed through a washing bath with water at room temperature. Finally, the fiber was collected on an uptake winder.
These hollow fiber membranes are designed for inside-out filtration, having the smallest pores at the inside of the fiber. Scanning electron microscope (SEM) pictures of the membrane are reported in the Supporting Information ( Figure S1 ). These HF membranes have a water permeability of 150 L·m −2 ·h −1 ·bar −1 , an inner diameter of 0.7 mm, and a molecular weight cutoff (MWCO) of 7.5 kDa. The MWCO was determined by using a polyethylene glycol (PEG) mixture with various molecular weights (6, 10, 20, and 35 kDa) and analyzing the molecular weight above which a 90% retention was obtained. For this, permeate and retentate samples were analyzed using size exclusion chromatography (SEC). After fabrication, the membranes were stored in demi-water.
Polyelectrolyte multilayers were coated on top of the prepared UF membranes. As we immerse the fibers completely in the coating solution, the deposition of polyelectrolyte is not limited to the inner surface of the membrane only and the whole porous structure can be coated by the polyelectrolytes. However, only at the inner surface, where the pores are smallest, does the PEM layer form a dense separation layer on top of the membranes. 16−18 Before proceeding with the coating, we first immersed the fibers for 15 min in a 50 mM NaCl solution. The membranes were then coated via a simple dipcoating procedure. For the bilayer coatings, the fibers were 
Article completely immersed in a 0.1 g·l −1 PAH solution with 50 mM NaCl at room temperature. After 15 min, the fibers were rinsed in a 50 mM NaCl solution for 15 min. The fibers were subsequently dipped for 15 min in 0.1 g·l −1 PSS solution with 50 mM NaCl and then rinsed for another 15 min in a 50 mM NaCl solution. After this first bilayer, the described procedure was repeated until 4.5 and 5.0 bilayers had been coated on the membranes (taking samples for those two steps). In the case of cross-linked multilayers, fibers coated with 4.5 bilayers were immersed in a 7.5 mM GA solution for 1, 3, and 5 h, keeping the same ionic strength of the other steps, i.e. 50 mM NaCl. After this crosslinking step, the fibers were rinsed in 50 mM NaCl, and part of them were dipped in a 0.1 g·l −1 PSS solution with 50 mM NaCl. This way, it was possible to obtain fibers with 4.5 (PAH terminated) and 5.0 (PSS terminated) bilayers at different cross-linking times. After being rinsed in demi-water, all membrane samples were put in a glycerol/ water (15/85 wt %) mixture for 4 h and dried overnight under ambient conditions.
For water permeability and ion retention experiments, single PEMcoated fibers were potted in modules with a fiber length of approximately 150 mm. Every module contains only one fiber. The water permeability (L·m −2 ·h −1 ·bar −1 ) was calculated by normalizing the measured pure water flux with the transmembrane pressure (TMP). The pure water flux was measured at 20°C with demi-water in a cross-flow configuration at a transmembrane pressure of 3 bar. For the salt retention measurements, a cross-flow through the fibers was also applied. To reduce the effect of concentration polarization, we set the cross-flow velocity of the feed through the fibers at 1.7 m· s −1 . This corresponds to a Reynolds number of approximately 1200. The salt concentrations of the feed and permeate were measured with a WTW Cond 3210 conductivity meter. The retention was based on the ratio between the permeate and feed concentrations. All experiments were performed at least in triplicate.
2.5. Membrane Stability. Single PEM-coated membrane fibers with 4.5 and 5 bilayers of PAH/PSS, prepared at different crosslinking times (0 h, i.e. not cross-linked, and 1, 3, and 5 h) were potted in modules with a fiber length of approximately 150 mm. Every module contains only one fiber. After each fiber was flushed three times with alternating SDS and CTAB solutions (at their CMC with 5 mM NaCl as background electrolyte), the permeability and ion retention of the fibers were measured using the same flow and pressure conditions previously described. Each single surfactant flush lasted 5 min. All experiments were performed at least in triplicate.
2.6. Artificial Produced Water: Preparation and Filtration. To detect the amount of oil that permeates through the membrane, nhexadecane was colored with a fluorescent dye (Coumarin 6). As fluorescence decays over time, the colored oil was freshly prepared before each experiment. Around 10 mg of the dye powder was added to 8 mL of n-hexadecane and put in an ultrasonic bath for a few minutes. Afterward, the oil was filtered with a Millipore 0.45 μm filter to remove any residual solid particles. To prepare our artificial PW, we followed a procedure set out by Dickhout et al. 27 To ensure all emulsions have the same characteristics, a stock emulsion was prepared under standard conditions, which was then diluted with carefully chosen concentrations to obtain the desired oil, salt, and surfactant concentrations for the filtration experiments. The surfactant concentrations were all chosen to be approximately at CMC. The stock emulsions were prepared by dissolving a surfactant (346 mg/L CTAB or 2391 mg/L SDS) in 1 L of DI water in a Duran bottle by mixing with a dispersing mixer (IKA T25 digital Ultra-Turrax with S25N 18G element) for 4 min at 14 000 rpm. Then, 2 g of colored oil was injected near the mixer head with a long syringe needle and mixed for 10 min at 14 000 rpm. The stock emulsion was diluted to contain 1 g/L n-hexadecane and the desired surfactant and salts concentrations to make up 1 L of feed emulsion with 1000 mg/L n-hexadecane, 346 mg/L CTAB or 2391 mg/L SDS, 5 mM NaCl, 5 mM CaCl 2 , and 5 mM Na 2 SO 4 . Surfactant solutions used for cleaning were prepared the same as the emulsions but without adding nhexadecane. In each experiment, the concentrations of surfactant and salts in the rinsing solution were identical to the emulsion used.
For the membrane crossflow filtration experiments, single PEMcoated fibers with 4.5 bilayers were potted in modules with a fiber length of approximately 80 mm. Every module contains only one fiber. The clean water flux of every fiber was measured before filtrating the O/W emulsion. New modules were used for each experiment. The concentrate was recycled to the feed bottle while the permeate was instead collected. Because the permeate flow rate was small compared to the concentrate flow, this was not expected to affect the feed composition. This was checked by analyzing the feed ion concentration, TOC, and oil content at the start and end of some experiments, and indeed, negligible changes in feed composition were observed. A membrane filtration experiment consisted of filtering the O/W emulsion for 3 h at a TMP of 3 bar and a flow rate of 0.75 kg/h, which corresponds to a cross-flow velocity of 0.55 cm/s and a Reynolds number around 380. The permeate flux was measured between 2 and 3 h. Samples of the permeate were collected at the same time, and their ionic content and TOC were analyzed by ion chromatography (Metrohm Compact IC 761) and by a TOC analyzer (Shimadzu TOC-L), respectively. The oil retention was measured through a fluorescent dye method already used in previous work. 28 Feed samples were taken at the same time as the permeate samples and analyzed with the same methods. To clean the membranes, the modules were flushed one time with a surfactant rinsing solution for 15 min at a 4 kg/h flow rate without applying transmembrane pressure. After cleaning, the water flux was measured again to 
Article determine the flux recovery. Each experiment was performed in triplicate.
RESULTS AND DISCUSSION
The Results and Discussion Section is split into three distinct sections. In the first section, we describe application of model surfaces to study PEM stability against a variety of surfactant types and demonstrate that cross-linking can lead to stable PEM coatings even in the presence of surfactants. In the next section, we demonstrate this stability also for PEM-based hollow fiber NF membranes where ionic retentions are studied before and after cross-linking. In the final section, we show that with these membranes we can, in a single step, remove surfactants, deoil, and partially desalinate a synthetic PW stream based on a surfactant stabilized O/W emulsion.
3.1. Multilayer Stability against Surfactants. While it is known that surfactants can destabilize PEMs, 22 much less is known about how different surfactant types affect different types of PEM. Here, we studied the stability of PEMs adsorbed on model surfaces via optical flow-cell reflectometry. A wafer, precoated with a PEM, is exposed several times to a surfactant solution at the CMC until a stable plateau in the desorption is obtained. Examples of these experiments are shown in Figure 3 for exposure of a PDADMAC/PSS-based PEM to the anionic SDS (A) and the zwitterionic DDAPS (B), the outcomes of which are discussed in detail below. The desorption plateau was taken after rinsing with a rinsing solution to ensure that no adsorbed surfactant remains, as indicated in Figure 3A . All surfactant and rinsing solutions contain 5 mM background electrolyte. Finally, the desorbed amount (in mg·m −2 ) can be compared to the original amount of multilayer adsorbed on the model surfaces, as discussed in Section 2.3. The stability of the PEM layer is thus defined as the percentage of the remaining mass of the original PEM coating after surfactant exposure.
We first studied the stability of a PEM based on PDADMAC/PSS, a strong polyelectrolyte multilayer couple, which is well-known in the membrane field for its high chemical stability. 16 In Figure 4 , we show the PEM stability after exposure to surfactants for PEMs of 4.5 bilayers (terminated with PDADMAC) and 5.0 bilayers (terminated with PSS). Here, the stability (%) of the multilayers is reported after exposure to four types of surfactant: anionic (SDS), cationic (CTAB), zwitterionic (DDAPS), and nonionic (TX). The effect of both a positive and a negative top layer (4.5 and 5.0 bilayers) on the stability was investigated as the charge of the top layer could affect the adsorption of the surfactant and how it interacts with the multilayer.
The results depicted in Figure 4 clearly demonstrate that charged surfactants such as the anionic SDS and the cationic CTAB compromise the stability of PDADMAC/PSS multilayers significantly. In particular, only 40% of a PDADMAC/ PSS multilayer prepared at 50 mM NaCl 17 remains after exposure to SDS, and only 60% remains after exposure to CTAB. On the other hand, surfactants carrying no net charge, such as the zwitterionic DDAPS and the nonionic TX, do not affect the stability of the multilayer.
It is well-known that charged surfactants can interact with oppositely charged polyelectrolytes to form complexes in solution. 29 Polyelectrolyte multilayers are mainly based on electrostatic interactions, which can be supported by other interactions such as hydrogen bonding and hydrophobicity. 30 After the addition of a charged surfactant, the small surfactant molecules can diffuse into the multilayer 22 and screen the electrostatic interactions between the oppositely charged polyelectrolytes. In particular, the cationic CTAB could form a complex with the anionic PSS, while the anionic SDS may complex with the cationic PDADMAC. This results in competitive behavior where complexation of the surfactant with one polyelectrolyte weakens and possibly disrupts the polyelectrolyte complexation. We do find that no surfactant can completely desorb the multilayer; thus, we expect that if the desorption of one polyelectrolyte is favored, then a strong charge will build up in the multilayer. For example if negative SDS would desorb the positive PDADMAC, a significant excess of negative charge would form in the multilayer. This excess charge would then prevent more surfactant molecules from approaching the remaining PEM coating.
As PDADMAC/PSS-based multilayers are clearly not stable against desorption by charged surfactants, we moved to PSS/ PAH-based multilayers. PSS/PAH is also a very well-studied PEM system known to give dense (low hydration) layers with an excess of positive charge (PAH). Another advantage of this system is that the primary amine groups of PAH can be crosslinked by application of glutaraldehyde. 23 In Figure 5 , we show the stability of a PAH/PSS-based PEM without cross-linking (0 mM) and after cross-linking with various cross-linker concentrations. Here, we cross-linked after every bilayer coating step and focus on the stability after exposure to both charged surfactants, SDS and CTAB. The experiments were again performed by using reflectometry. This time, a multilayer coated on top of a silicon wafer was first exposed to one charged surfactant, and then, after rinsing with 5 mM NaCl, to the other charged surfactant, both at their CMC for at least three times. If the multilayer was terminated with a cationic PAH layer, the experiment started with exposure to the anionic SDS, while for a PEM terminated with anionic PSS, the exposure started with cationic CTAB.
From Figure 5 , it is clear that without cross-linking, also the PAH/PSS system is not stable in surfactant solution with 85− 100 (%) of the layer being removed after consecutive exposure to SDS and CTAB. But even at very low cross-linker concentration, nearly complete stability is observed for all cross-linked layers. These GA concentrations are much lower (and thus safer) 31 compared to the concentrations used by 25 What might come as a surprise is that typically no complete stability is observed, and that even at higher cross-linker concentrations, some material is desorbed. It is important to remember that only the PAH chains become cross-linked by glutaraldehyde, and some more loosely bound PSS chains, especially from the top layers, could still be desorbed.
The quality of cross-linking can certainly also be affected by the cross-linking time. Because cross-linking after every step ( Figure 5 ) may not be needed, it would be very beneficial to do the cross-linking in a single final step. In Figure 6 , we show the stability of a PAH/PSS multilayer, sequentially exposed to SDS and CTAB, as a function of cross-linking time. Here, cross-linking is applied in a single final step with a cross-linker concentration of 7.5 mM and studied using the same optical reflectometry approach.
By looking at Figure 6 , we can indeed see that, given sufficient cross-linking time, a single cross-linking step works just as well as multiple steps. This is underpinned by the later work performed on membranes (see Figure 7 and Figure 8 ). We also conclude that longer cross-linking times lead to more stable layers and more reproducible results.
3.2. Stable PEM-Based NF Membranes. In the previous section, we showed that PAH/PSS-based PEM coatings can be made stable by a single cross-linking step at a low cross-linker concentration. Here, we prepared hollow fiber-based NF membranes by applying PSS/PAH multilayers on top of negatively charged hollow fiber support membranes. The membranes were coated under identical conditions as the model surfaces and were subsequently cross-linked for different times using a safe gluteraldehyde concentration (7.5 mM). 31 In Figure 7 , we show the membrane performance for PAH/PSS membranes of 4.5 (7A, PAH terminated) and 5.0 (7B, PSS terminated) bilayers in thickness. Overall, longer cross-linking times lead to a denser membrane with a lower water permeability and a higher ion retention. Similar effects were observed by Park et al. 32 The increase in retention is especially strong for Na 2 SO 4 . We expect that here the retention is dominated by the divalent SO 4 2− . Overall, PSS/PAH membranes tend to have an excess of positive PAH, 25 and a more positive charge would allow more easy permeation of this ion. But, cross-linking of glutaraldehyde with the primary amines of PAH can decrease the positive charge and even induce a negative charge in the membrane. 25 This would lead to a stronger Donnan-based repulsion 33 between SO 4 2− and the cross-linked membrane, increasing retention significantly.
The stability of these membranes is studied in Figure 8 . The membranes were consecutively exposed to anionic and cationic surfactant solutions at least three times, exactly as was done for the model surfaces studied in Figures 5 and 6 . Also here, if the multilayer terminates with a positive top layer, the experiment started with SDS flushing, while if the multilayer ended with a negative top layer, the experiment started with CTAB. Figure 8 shows the retention of (5 mM) CaCl 2 and Na 2 SO 4 tested and compared with the retentions obtained before the surfactant flush. For the un-cross-linked PEM-based membranes (0 h), retentions decrease to nearly 0, in line with the substantial desorption observed for PAH/PSS coatings on model surfaces ( Figure 5 ). However, with an increase in cross-linking time, the reduction in retention decreases, until at 5 h of cross-linking, very stable performance is observed. Clearly, the stability that was observed at high cross-linking times on model surfaces ( Figure 6 ) is also found for PEM-based membranes. For shorter cross-linking times for the PAH terminated membrane (8A), we observed a decrease in retention of both Na 2 SO 4 and CaCl 2 . A strange observation is that for shorter cross-linking times for the PSS terminated membrane (8B), Na 2 SO 4 retention decreases and CaCl 2 retention increases. Most likely, the surfactant exposure does remove some of the PSS from the PSS terminated membrane, making the layer more positively charged, leading to an increase in CaCl 2 retention and a decrease in Na 2 SO 4 retention.
3.3. Produced Water Treatment. A stable hollow fiber NF membrane would be highly beneficial for produced water treatment, as one could deoil and remove particles, small organic molecules (surfactants), and multivalent ions in a single step. Two artificial produced water emulsions stabilized either by SDS or CTAB with, as oil, 1000 ppm n-hexadecane (droplet size ∼ 5 μm 27 ) and 5 mM NaCl, 5 mM CaCl 2 , and 5 
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Article mM Na 2 SO 4 , were treated in a crossflow system by using HF membranes based on 4.5 bilayers of PAH/PSS cross-linked for 5 h in 7.5 mM glutaraldehyde. The crossflow velocity was set at 0.55 cm/s, and the TMP was kept constant at 3 bar.
In Figure 9A , we show the retentions stemming from filtrations using the cationic CTAB as surfactant to stabilize the O/W emulsion. We observe an excellent oil retention (100%) as well as a very high TOC retention (96.5%), implying that also nearly all of the free surfactant molecules are retained. Furthermore, higher Ca 2+ (75%) and Cl − (36%) retentions were obtained compared to the retention values obtained for the same ions in conditions where no oil or surfactant were present (Figure 7) . At the same time, SO 4 2− retentions lower than those for the pure solutions are observed. This change in retention behavior likely stems from interaction of the cationic surfactant with the multilayer. This may lead to an increase in Ca 2+ rejection and a decrease in SO 4 2− retention. The increase in Cl − retention is a consequence of the electroneutrality principle: if more Ca 2+ is retained, then also more of its counterion is retained.
When the anionic SDS is used as surfactant ( Figure 9B ), the membranes still show excellent oil retention (98%) and good TOC retention (83%). This time, we can observe a SO 4 2− retention similar to the values obtained without surfactant and previously shown in Figure 9 , while we have higher Ca 2+ (73%) retention. SDS is smaller than CTAB. This possibly allows SDS easier diffusion into the multilayer than CTAB, as supported by a lower TOC retention for SDS. Diffusion into and adsorption of SDS to the multilayer not only brings a change in membrane surface charge, but it could also densify the layer, reducing the effective multilayer pore size and thereby also increasing divalent ion retention. Table 1 contains a summary of the results obtained by filtrating artificial PW emulsions with our HF membranes. For CTAB stabilized PW, the membranes showed a low flux decline (just 19%). Furthermore, after cleaning with a CTAB solution at its CMC for 15 min, the membranes were able to 
Article completely recover their original flux. This demonstrates that fouling was not severe and that it was 100% reversible. For SDS, the situation was a bit different. Flux decline was much higher, reaching a value of 90%. Still, it was possible to recover 80% of the original flux. The nonreversible part of the fouling could stem from SDS penetrating the PEM layer, as discussed above. It is also important to mention that cationic surfactants are good corrosion inhibitors and are much more commonly found in PW than anionic surfactants such as SDS. 34 Overall, these results clearly show that these newly developed membranes would be highly suitable to treat PW stabilized by cationic surfactants such as CTAB and would still be suitable to treat PW stabilized by anionic surfactants. The difference in fouling behavior could stem from the easier diffusion of SDS into the multilayer, as discussed above. In both cases, the membrane cleanability was extremely good, proving that PEM deposition can lead to surfaces where fouling is less severe and easier to remove. These membranes allow deoiling and removal of most of the surfactants and divalent ions from the waste stream and even some of the monovalent ions in only one step. All of these factors together make them highly suitable for treatment of PW.
CONCLUSIONS
Membrane technology can be considered a promising technology for PW treatment. Through use of membranes, it becomes possible to convert a complex waste stream such as PW into a source of water for reuse. In particular, polyelectrolyte multilayer deposition is one of the methods that established itself as an effective technique to prepare hollow fiber-based NF membranes. Hollow fiber membranes can withstand a much higher fouling load compared to their spiral wound counterparts and would thus be especially promising for PW treatment. Unfortunately, surfactants, naturally present in PW but also added in extra quantities to inhibit pipe corrosion and increase oil recovery, can affect the stability of polyelectrolyte multilayers. In this work, we studied the stability of polyelectrolyte multilayers toward different types of surfactant (anionic, cationic, zwitterionic, and nonionic) and demonstrate that it is possible to produce stable multilayers, resistant toward surfactants, on model surfaces as well as on membranes. This is, however, only true for the cross-linkable PAH/PSS system and not for the chemically stable PDADMAC/PSS system. The effect of crosslinking time for PAH/PSS was also studied for PEM-based hollow fiber NF membranes. With increased cross-linking time, more stable membranes are produced with better separation properties but at a lower water permeability. Novel HF membranes based on 4.5 bilayers of PAH/PSS and crosslinked for 5 h with a 7.5 mM glutaraldehyde solution showed excellent stability toward charged surfactants. These membranes were tested with two artificial PW emulsions stabilized either by the cationic CTAB or the anionic SDS. For CTAB stabilized PW, the membranes showed a low flux decline (just 19%) and high surfactant removal (TOC retention 96.5%). Furthermore, after cleaning with a CTAB solution at its CMC, the membranes were able to completely recover their original flux. For SDS flux, decline was much higher, reaching a value of 90%, and surfactant removal was lower (TOC retention 83%). Still, it was possible to recover 80% of the original flux after cleaning with SDS solution at its CMC. SDS is smaller than CTAB, and this possibly allows SDS easier diffusion into the multilayer than CTAB, as supported by a lower TOC retention for SDS and its higher flux decline. In both cases, the membranes also showed excellent oil removal (∼100%) and divalent ion retention (∼75% for Ca 2+ and up to ∼80% for SO 4 2− ). In conclusion, these membranes not only show good stability and cleanability but also allow deoiling and removal of small organic molecules (such as surfactants) and divalent ions in a single step process. Emulsions were made of 5 mM CaCl 2 , 5 mM NaCl, 5 mM Na 2 SO 4 , 1000 mg/L of n-hexadecane (oil), and surfactant at its CMC.
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